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SUMMARY

The program reported herein included the design and analysis of advanced
cooling concepts for small gas turbine blades and vanes, selection of the
most promising system, and a limited fabrication and test evaluation of
the selected vane cooling system to demonstrate feasibility.

The study was conducted tc define cooling concepts which would minimize
the engine performance penalties, especially at part power, associated
with conventional air cooling of the vane and blades. The initial design
phase consisted of a conceptual analysis of five stator and five rotor
cooling concepts. The stator concepts included the following coolant and
heat sink combinations: (1) liquid metal/compressor discharge air,

(2) high-pressure gas/compressor discharge air, (3) HpO vaporizing/fuel,
(4) 1liquid metal vaporizing (heat pipe)/compressor discharge air, and

(5) modulated transpiration air cooling. The rotor concepts included the
following coolant and heat sink combinations: (1) liquid metal/compressor
dischkarge air, (2) high-pressure gas/compressor discharge air, (3) super-
heated steam/compressor discharge air, (4) high-pressure air/methane fuel,
and (5) modulated transpiration cooling.

Two stator coolant concepts (liquid metal and high-pressure air) and two
rotor concepts (liquid metal and superheated steam) were selected as the
most feasible for further design evaluations. Subsequently, heat transfer
analysis and preliminary engine designs were performed for these selected
cooling concepts and the effects of these systems on engine performance
were determined, The liquid-metal-cooled stator and rotor concepts were
finally selected as the most promising internal cooling concept for ad-
vanced development,

As the final phase of this program, a limited fabrication and test evalu-
ation was conducted on the liquid-metal-cooled vane and compressor dis-
charge air exchanger concept. The test vanes were electrical discharge
mach.ned to meet the coolant passage requirements, The vane exchanger
used 3/8" OD finned tubes with stainless clad copper core fins. The
liquid-metal-cooled vanes were tested for 5:40 hours in a two-dimensional
cascade at average gas temperatures up to 2500°F. The vanes were in ex-
cellent condition after this testing, The measured vane metal temperatures
were in excellent agreement with the predicted values at the same test
conditions, This confirms the heat transfer analysis methods and indicates
that this concept is capable of providing acceptable thermal and structural
characteristics, as shown in the design phase, for an advanced engine com-
ponent,

iii



FOREWORD

The work reported herein was performed by Curtiss-Wright Corporation under
United States Army Contract DAAJ02-69-C-0064 to advance and demonstrate
high-temperature turbine technology for small gas turbine engines. The
contract was administered by the Propulsion Division of the Eustis
Directorate, U.S, Army Air Mobility Research and Development Laboratory,
Fort Eustis, Virginia. The program effort was directed at investigating
methods of cooling the gas producer turbine stage of a small high-temper-
ature engine by methods other than, or with a minimum amount of, compres-
sor bleed air. The program tasks consisted of the design and analytical
evaluation of rotor and stator cooling systems and the fabrication and
test of a selected vane cooling system,

Mr. A. Stappenbeck and Mr. S. Moskowitz, Manager, Turbine Technology were
the principal investigators. Other principal contributing engineers in-
cluded Messrs. T. Dalton, H, Watts, and A. Sievers.
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1.0 INTRODUCTION

The future development of small, lightweight gas turbine engines depends
on the advancement of high-temperature component technology. Shaft horse-
power and engine specific fuel consumption are directly related to turbine
inlet temperature. Gas turbine engine designs currently operate at
turbine inlet temperatures at which the mechanical properties of the most
advunced turbine materials limit the engine cperating life. Therefore, as
turbine inlet temperatures have been raised, highly stressed components
such as stator vanes and rotor blades require cooling to obtain reasonable
gservice life. Direct cooling with compressor air is a practical and con-
venient technique but results in engine performance penalties as a result
of cycle and component efficiency effects. In the case of the cycle ef-
fect, the air bleed from the compressor bypasses the combustor and there-
fore does not contribute to the hot working fluid entering the turbine and
in fact dilutes the gas temperature where it effuses or is discharged into
the main stream, In the case of component effects, the efficiency of
blades incorporating air cooling is generally lower than that of solid
noncooled blades for several reascns, which include coolant mixing losses
and airfoil contour compromises for structural and thermal considerations.
These add to the losses in small, low-aspect turbines produced by high
Mach number and end wall and secondary flow effects.

Reduction in some of these penalties can be achieved by using an indirect
cooling system with a heat transfer fluid or coolant that removes heat
from the vanes and blades and regeneratively rejects this heat to compres-
sor discharge air, to the fuel, or to other heat sinks. The indirect
cooling concept heat flow path is shown schematically in Figure 1.

The objective of this program was to investigate these indirect cooling
concepts and the modulated transpiration cooling concepts to determine
effects on engine performance, size, and weight. The airfoil thermal
characteristics were to be defined in relation to engine operating condi-
tions and life requirements, Materials selection and methods of fabrica-
tion were to be considered for the concepts. Finally, these design anal-
yses were to result in the selection of the most feasible vane and blade
cooling concept and testing of the selected vane concept to validate its
thermal and mechanical design.
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2.0 CONCEPTUAL ANALYSIS

2.1 ENGINE DESCRIPTION AND DEFINITION OF BLADE/VANE PROFILES

The selection of an engine configuration which essentially satisfies the
design parameters specified for this program was simplified by utilizing
the preliminary engine design generated during a program for supersonic
compressor component research under USAAVLABS Contract DA 44-177-AMC-392(T)
(Reference 1). This design, presented in Figure 2, is an advanced non
regenerative engine with a variable two-stage free-power turbine providing
power extraction at the rear of the engine. The gas generator consists of
two spools with a single-stage axial-flow high-pressure turbine driving the
centrifugal compr.ssor and a single-stage axial-flow low-pressure turbine
driving the axial flow compressor. The design incorporates an annular in-
line combustor. This design was used to establish the available envelope
for incorporating turbine cooling systems in a typical gas turbine.

The design point performance parameters of the gas generator presented in
Figure 2 which were specified for this study are as follows:

Airflow 4,0 1b/sec
Pressure Ratio 16:1
Compressor Adiabatic (Total-Total) Efficiency 80%
Combustor Efficiency 99%
Combustor Total Pressure Drop 3%

Turbine Adiabatic (Total-Total) Efficiency 83-85%

HP & LP Rotor Speed 50,700 rpm
Average Turbine Inlet Temperature 2500°F

Specific fuel consumption and horsepower at the design point was estimated
to be .431 and 785, respectively.

The level of efficiency which can be achieved from a small cooled turbine
is expected to be significantly lower than that of larger turbines with
similar stage loading because mechanical and thermal considerations limit
chord and trailing edge thickness to values which are large in comparison
to annulus height and blade pitch, respectively. Table I describes the
efficiency losses associated with a small size turbine, and therefore, a
turbine efficiency of 83-85% was prescribed for this program. The aero-
dynamic profile of the stator and rotor airfoils were influenced by manu-
facturing, structural, and cooling considerations. The values for minimum
trailing-edge thickness, leading-edge radius and trailing-edge wedge angle
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Figure 2. Typical Small Gas Turbine Engine.
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TABLE I. ADIABATIC (TOTAL-TOTAL) TURBINE EFFICIENCY

Large Turbine Design 91%

Efficiency Decrement for:

a) Mach Number Effects 1-2%

b) Low-Aspect-Ratio Airfoils 3-4%

c¢) Blade Changes To Incorporate Cooling 1%
Total (Average) 6%
Small Turbine Design Efficiency 85%

(Excluding Leakage)

Small Turbine Design Efficiency 847
(Including Leakage)




were selected on the basis of design experience to assure good aerodynamics
and provide sufficient internal passage area to effectively cool these
sections of the blade or vane. The rotor blade area taper ratio was also
selected on the basis of design experience with other small cooled turbines
to limit the root P/A stresses. These considerations resulted in the fol-
lowing constraints being placed in the airfoil geometry:

Minimum trailing-edge thickness 0.02 in.
Minimum leading-edge radius 0.04 in.
Minimum trailing-edge wedge angle 8° (stator)
Minimum trailing-edge wedge angle 4° (rotor)
Minimum rotor area (hub/tip) taper ratio 1.5

Stator vane area (hub/tip) taper ratio 1.0

Minimum chord 0.8

The HP turbine physical characteristics are as follows:

Mean diameter 6.3 in.
Number stator vanes 37
Stator vane height 0.40 in.
Number rotor blades 36
Rotor blade height at inlet 0.42 {in.

Figures 3 and 4 present the airfoil contour of the high-pressure stage
stator vane and rotor blade at the mean section,

The combustor is an annular vaporizing design with a temperature pattern

factor Tmax - Tavg equal to 0,20,

T T

avg - in
Based on extensive experience with annular combustors and the temperature
pattern factor of 0.20, the combustor temperature profile over the turbine
annulus height was estimated and is presented in Figure 5. This figure

established a local peak gas temperature of 2840°F for the stator vane and
a maximum gas temperature of 2618°F for the rotor blade.



N

Leading Edge Radius = 0,040 in,
Trailing Edge Thickness = 0.020 in.
Chord Length = 0.8 in.

Figure 3., Typical Stator Vane Profile at Mean Section.



0.040 in.
0.020 in.
0.9 in.

Leading Edge Radius
Trailing Edge Thickness
Chord Length

Figure 4. Typical Rotor Blade Profile at Mean Section.
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2.2 INITIAL SELECTION OF COOLING METHODS

As gas turbine temperatures have increased, investigators have found it
necessary to consider various methods of turbine cooling to maintain or
extend the life of the critical engine components. Figure 6 is a flow
chart presenting the general classifications of basic cooling methods that
may be applicable to turbine blade and vane cooling. From this chart, it
is apparent that there are a number of alternative concepts for turbine
cooling and a logical approach may be initiated to make a preliminary
selection of the cooling concepts for the stator and the rotor that are to
be investigated. Two main criteria were followed in this preliminary se-
lection process: (1) the cooling concept should appear feasible for air-
craft application and (2) the cooling concept should have significant dif-
ferences from others selected so that a broad base may be achieved for the
evaluation. Referring to Figure 6, the external cooling includes all of
the cooling methods currently in use or under development. These include
convection, impingement, film and transpiration cooling, and combinations
thereof, using compressor discharge air as the airfoil coolant. Of the
conventional external cooling methods, transpiration cooling will require
the lowest usage of cooling air (Reference 2), This concept would produce
the smallest pénalty on engine performance of all the external cooling
modes as a result of low cooling airflow requirements and therefore was
selected to serve as a baseline to evaluate the unproven concepts.

Figure 6 also shows a number of internal cooling methods that include
forced or natural (thermosyphon) convection with a liquid or gas as the
coolant, For the natural convection method, an open or closed coolant
system may be used. The closed system may be fully or partially filled with
the coolant. A special case of this system with a 1iquid coolant utilizes
the evaporative cooling method. The heat pipe concept is one example of
this case.

The following paragraphs discuss the general considerations for selection
of the coolant and heat sink and subsequently review the selection of the
five stator vane and five rotor blade cooling concepts.

2.2.1 General Coolant Considerations

The factors whicu are important include:

1. Good heat-absorbing capacity as exhibited by high values of den-
sity, specific heat, or heat of vaporization.

2. Large unit convection coefficients with reasonable velocity.

3. Appropriate melting and boiling points and vapor pressures for
the operating temperature range.

4, Compatibility with component materials.

12
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The first factor is required to obtain a high heat capacity per unit
volume which provides a low system volume and reduced weight. TProperties
of representative fluids which may be used as the coolant are presented

in Table II. The second factor insures that the required quantity of heat
can be absorbed by the fluid with reasonable cooling passage design and
without excessive pressure drop. This is usuall; evident in such fluid
properties as high thermal conductivity and viscosity. Appropriate melt-
ing and boiling points and low vapor pressure at high temperatures are re-
quired to eliminate ;roblems associated with melting at startup and solid-
ification at shutdown and excessively high system pressure requirements.
Material compatibility is required for design feasibility especially where
corrosive fluids are used as the coolant.

In the selection of a cooling fluid, an important consideration is its
ability to remove heat from a solid surface which is proportional to its
convection coefficient. This coefficient depends in turn on the fluid
properties and coolant passage geometry. The convection coefficient h
can be expressed as

- —_—
h A(Ts - Tf) (1)

Representative convection coefficients that can be obtained with a gas, a
liquid, and a liquid metal are shown in Table III.

It is evident that higher coefficients can be attained with liquid metals
and that boiling is especially effective. The significance of high co-
efficients is that for a given amount of heat to be absorbed, either less
contact area is required or a lower temperature difference is sustained,
or both. This in turn means fewer or smaller cooling passages.

An initial estimate of the turbine stage total heat load was calculated by
assuming an average gas side heat transfer coefficient of 230 Btu/hr

ft2 °F (Reference 3), and using heat transfer surface area of .525 ft2
calculated from the airfoil presented in Figure 3. An estimate of

1500°F for the bulk temperature of the airfoil was based on two factors:
(1) the turbine blade material properties at temperatures above 1500°F
will generally provide low stress rupture or thermal fatigue life for
highly stressed blades or vanes; and (2) the leading and trailing edge
sections, where the heat flux is highest, may produce large temperature
gradients with local airfoil metal temperatures of 1700° to 1800°F.

Using these inputs and the equation q = hA (Tf - Tg),
the total vane heat load for the design condition of 2500°F stator inlet
temperature was calculated to be 120,000 Btu/hr.

Based on this heat load and an estimated coolant temperature of 1000°F,
the coolant flow rates are calculated from the equation

Y
W C, AT @
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TABLE 111. REPRESENTATIVE CONVECTIVE COEFFICIENTS

Btu/hr ft2°F

Air, forced convection 5 - 100
Water, forced convection 50 - 2000
Water, boiling 500 - 10,000
Liquid metal, forced convection 3000 - 15,000
Liquid metal, boiling 3000 - 20,000

and are presented in Table IV. In descending order, the minimum mass flow
rates are obtained with vaporizing liquids, gases (other than air), air,
and liquids. However, when volumetric flow rates are considered, the
vaporizing liquids are lowest while the nonvaporizing liquids follow with
gases requiring the highest volumetric flow rates. Since weight of a
cooling system will vary with volumetric flow rate, evaporating liquids
and then nonevaporating liquids are potentially more attractive heat
transfer fluids than gases, when considering system size.

Two criteria for selecting the heat transport fluid were used. In the
case of forced convection, the second term of the right side of the equa-
tion describing the heat transfer coefficient in Appendix I is used in the
following form:

.67
(c, ¥ fe 3)

A fluid with a low value for the above would be superior since this would
yield a high value for the heat transfer coefficient. The above term is
only dependent on physical properties of the fluid. The magnitude of the
other term in the equation of Appendix I

.023( EEZ) 4)
Re’

can be influenced by modifying the mass flow rate and coolant passage
geometry.

In the case of natural convection, the second term of the right side of
the equation describing the heat transfer coefficient in Appendix II is
used in the following form:

(Pcyia’ B (5)

lé
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Thie term also contains only fluid-dependent terms. A fluid with a high
value for the above would be superior since this would yield a high value
for the heat transfer coefficient.

Table V 1lists typical values for the forced and natural convection cri-
teria of a wide range of heat trangport fluids. The values were calcu-
lated using fluid properties obtained from References 4 and 5. Table V
shows that properties of natural convection gases such as hydrogen or
helium are as attractive as liquid metals from a heat transfer standpoint.
For forced convection, liquids are substantially better than gases.

Among the liquids, low melting point and high beiling point also are impor-
tant considerations in the final selection. For all coolancs, considera-
tions such as pumping requirements, thermal stability, difficulty of
sealing, cost, availability, corrosiveness at operating temperatures, ma-
terials compatibility, safety, etc., would have a significant influence
on the selection of the coolant.

2,2.2 General Heat Sink Considerations

The heat that has been absorbed by the heat transfer fluid from the air-

foils must be rejected to a heat sink. Potential heat sinks include the

compressor discharge air and the fuel. Ram air represents a nonregenera-
tive system and therefore was not considered. O01il or hydraulic fluid was
not considered appropriate since the sink capacity would be limited.

The compressor discharge air stream has significant heat sink capabilities.

Based on the previously estimated first stage turbine heat load and a |
compressor discharge air mass flow rate of 4 1b/sec, the temperature rise

of cooling air was calculated from equation (2) to be 34°F. If consider-

ation is given to cooling a second stator row, the total temperature rise

of the air would be approximately 51°F. These low values for temperature

rise indicate that the heat transfer requirements could be accomplished by

a relatively small heat exchanger.

Aircraft fuels al:zo have a heat sink capacity., For an assumed 100% power
fuel flow rate of 400 1b/hr which is representative of a small gas turbine
and the first stage turbine heat load previously presented, the fuel tem-
perature rise would be approximately 610°F. NASA (Reference 6) has heated
ASTM Jet A fuel to 700°F above its critical pressure and measured carbon and
coke deposition. At pressures above 350 psi with deoxygenated fuel, incip-
ient deposits occur from 570°F to 705°F wall temperatures. Thus, if fuel

is used to absorb the heat load, the temperature rise would be above the
point of deposition in a low-pressure fuel system. However, use of JP fuel
to cool a blade row, such as the high-pressure rotor, may be practical from,
a coking standpoint due to the lower heat transfer load. )

18



TABLE V. - COOLANT SELECTION PARAMETERS
Natural Forced
Convection Convection
Gas Criteria* Criteria*
(x10-10)
Helium 29,800 2.75
Hydrogen 166,000 5.12
Air 2,540 0.40
Methane 24,200 1.10
Steam 20,900 0.63
Neon 1,260 0.37
Krypton 52.6 0.09
Xenon 82.1 0.12
Nitrogen 1,810 0.39
Mercury Vapor 90.5 0.0094
Argon 185 0.192
Natural Forced
Convection Convection Melting Boiling
Liquid (x10-2) Point (°F) Point (°F)
NaK 3.36 6.95 10 1540
Pb - Bi 0.222 .85 257 3038
Cesium - 2.3 83 1274
Bismuth 0.435 .68 520 2691
Scdium 37.7 4,84 208 1621
Leal 3.64 .79 622 3171
Potassium 3.83 4,75 147 1400
Mercury 23.6 .50 -40 675
Water 0.0716 8.60 32 212
Tin 15.4 1,28 450 4118
JP-4 0.004 0.20 -65 —_
Lithium 24,3 78.11 354 2403
Latent Melting Vapor Pressure
Heat Point At 1400°F
2 Phase (Btu/1b) (°F) (psi)
Water/Steam 900 32 -
Hg 125 -40 1180
Na 1810 208 4,14

* High value desired
** Low value desired
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NASA studies (Reference 7 and 8) indicate the potential of methane as an
alternate fuel for gas turbine engines for some aircraft applications:
methane (a) offers a higher heating value, which should result in a
reduced specific fuel consumption, and (b) has good availability. There-
fore, alternate fuels were considered as useful in this turbine cooling
study as heat sinks or as direct coolants., For example, liquid methane,
when heated from -280°F to 1000°F, absorbs about 1000 Btu/lb. On this
basis, the stage heat load could be absorbed by 120 1b/hr of methane.
Although cryogenic fuels offer a large heat sink potential, they present
problems not encountered with conventional jet fuels. These problems in-
clude the design requirements to account for the large volumetric changes
and thernal expansion rates. Also, special handling and storage of the
fuel would add to the normally difficult logistics problems.

2.2.3 Selection of Five Stator Cooling Concepts

The selection of five turbine stator and five rotor cooling concepts for
investigation was directed at including the broadest range of system vari-
ables which would benefit engine performance and meet the 1000-hour
turbine life requirements.

To obtain a wide range of system variables, the following basic, forced
ccnvection, contained coolant system concepts for the stator were ini-
tially selected for investigation:

1. Liquid-metal system
2., High-pressure gas system

3. Two-phase vaporizing system

The heat pipe concept, which represents an advanced liquid metal vaporizing
system, was included as the fourth selection. Finally, the modulated
transpiration air cooling system was included since it represented the
method for minimum usage of cooling air among the external air cooling
methods.

To select the coolant, the data presented in Tables II through V was
reviewed. All the liquid metals have good heat transfer characteristics,
but their high melting points or low boiling points eliminate many. Only
mercury, the eutectic alloy of sodium-potassium, in addition to water, and
fuel have melting points sufficiently near or below ambient to be consid-
ered. For engine start-ups in cold weather, the pumping of the coolant
will not occur if the coolant is below its melting temperature. There-
fore, selection of & coolant which has a low melting temperature is de-
sired. However, the cold weather start-ups could be achieved by heating
the coolant through (a) false starts or (b) electric or space heaters.

Another approach to this problem involves the use of an additive to lower
the melting temperature. In the case of Nak-78, the addition of 40% by

20



weight of cesium will lower the melting temperature of the eutectic alloy
toc =65°F.

The eutectic alloy of sodium and potassium has found increased use in re-
cent years as a coolant in heat exchangers and rocket nozzles. Its chem-
ical and mechanical properties have been well established by government
and private agencies (Reference 9). Although it is corrosive to some ma-
terials, sufficient data exists to specify its use in systems where high
nickel or cobalt content alloys and the 300 series of stainless steels
are used,

Mercury has been used for many years by the steam generating industry, and
sufficient data exists to warrant its application to this cooling concept
from heat transfer considerations, However, the corrosiveness and high
toxicity make its application hazardous,

Water and fuel (JP) could be acceptable coolants, but both are temperature
limited -- water by its low critical point, and fuel by its propensity
for coking, In addition, if the coolant temperature is too low, high
thermal wall gradients could exist in the vanes and result in premature
airfoil buckling and cracking.

From these considerations, the liquid metal eutectic mixture of sodium
and potassium was selected as the coolant,

In considering gases for the stator cooling application, mercury vapor
appears to have a distinct heat transfer advantage, but its highly corro-
sive properties make it undesirable. The rare gases krypton and xenon
also have a slight advantage, but limited properties data are available.
Of the remaining gases, no distinct heat transfer advantages are apparent,
and air, being most available, and with well defined properties, was se-
lected as a representative gaseous coolant.

For the two-phase system, water was selected as the coolant, Other
coolants considered were mercury and sodium, Mercury has a low latent
heat of vaporization and a high vapor pressure, both of which are undesir-
able for this application. The melting point of sodium is marginal for
this application and may have resulted in a redundant concept since the

sodium/potassium alloy had been previously specified for the liquid
system,

The selection of potassium as the heat pipe fluid is described in section
2.3.

The compressor discharge air was specified as the heat sink for the

1iquid metal, high-pressure air, and heat pipe concepts. The low operat-
ing temperature of the two-phase water steam system requires a low temper-
ature heat sink, and fuel was specified which coincidentally added com-

plecteness to the study.

The five stator vane cooling concepts selected for study are summarized
in Table VI, and the preliminary design arrangements are described in the
following pages.
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Modulated Transpiration Cooled Concept

Transpiration air cooling is an external or direct cooling method which
uses compressor discharge air as the coolant. For this design the vane
consists of a load-carrying ribbed strut and a porous airfoil which forms
the aerodynamic gas passage. The airfoil is weld-attached to the strut
along the ribs. The ribs form spanwise cooling air passages with the air-
foil. Each passage receives the coolant which is extracted from compressor
discharge air and metered at the blade butt. The cooling air effuses
through the porous airfoil into the boundary layer on the hot gas side and
forms a relatively cool air film, insulating the airfoil surface from the
.hot gas stream.

The feasibility of this concept has been demonstrated in engines or turbine
stage rotating rigs over an airflow range of 3 lbs/sec to 168 lbs/sec and
at average gas temperatures up to 2750°F (References 10, 11 and 12). The
vane cooling requirement is sized as a percentage of engine airflow for

the 100% design point conditions. For part-power conditions where a high
degree of vane cooling is not required, the cooling airflow as a percentage
of engine airflow remains constant. Hence, at the part-power conditions
the cooling airflow rate is in excess of the vane design requirements.

To eliminate this penalty a concept has been defined whereby the trans-
piration cooling airflow is modulated at reduced power engine operation.

Figure 7 presents a representative transpiration-cooled turbine design
which incorporates cooling airflow modulation. The vane incorporates a
partition which separates the cooling air plenum feeding the leading-edge
cooling passage from the plenum feeding the other passages in the vane.
Thus the leading-edge passage is supplied with cooling throughout the
engine operating regime in order to prevent the inflow of gas at the
stagnation region of the airfoil. The other passages are supplied with
compressor discharge air metered through a ported valve ring which trans-
lates fore and aft to increase or decrease the flow area of the valve
ports. At the 100X power condition, the valve would be positioned forward
and throttling of the cooling air would not occur. At part-power condi-~
tions, the valve would be positioned rearward to achieve varying degrees
of throttling. At low power settings where the gas temperatures are low,
the valve ports would be closed to preclude cooling airflow to the stator
vane plenums and the rotor blades. For the closed position of the valve,
cooling air is introduced to purge the labyrinth seals.

An alternate method of throttling the cooling air to the stator vanes uti-
lizes a poppet valve in the trunnion or stem of each stator vane. Radial
or rotational motion of the valve disk would open or close ports in the
wall of the vane trunnion. This would provide throttling of the cooling
air to the metering orifice at the hub plenum of the vane which feeds the
spanwise cooling air passages. Use of a partition in the trunnion and
plenum would again assure cooling airflow to the leading edge at all power
settings.
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Figure 7. Stator and Rotor Transpiration Air Cooling - Modulated Flow.
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Valve movement of the designs described may be accomplished by conventional
actuators powered by hydraulic, pneumatic, electrical or mechanical sys-
tems.

Modulation designs similar to those described have been tested in rig or
prototype engines. However, incorporation of this concept into a flight
engine would require the design of an appropriate sensing and control sys-
tem which would actuate the valve as changes in engine power level oc-
curred. The control system instrumentation would establish that a power
level change was in process or had been completed through measurement of
significant engine parameters such as gas temperature, compressor dis-
charge pressure, rpm, etc. For an engine with a variable-geometry free
power turbine, sensing the gas generator rpm may be unsatisfactory since
rpm varies over a small range an' is disproportionate to the power level.
Therefore, to select the appropriate parameter, a study would be required
of the engine state conditions over the full range of power settings.

Although the control system design was not within the scope of this con-
tract, the effects of the cooling air modulation concept on engine perfor-
mance was calculated and the design complexity was evaluated in relation to
other selected concepts.

Liquid Metal Cooling Concept

A preliminary design scheme to show a general arrangement for the liquid
metal cooling concept is presented in Figure 8. Cooling the vanes is ac-
complished by circulating the liquid metal through a thin-wall vane with
multiple coolant passages. Each vane is connected to inlet and outlet
headers which in turn are connected to a finned tube annular or sectored
heat exchanger in the compressor discharge flow path. Circulation of the
liquid metal (NaK-78) is accomplished by a rotary induction (permanent mag-
net) pump driven by a hydraulic motor or the accessory drive gearbox.

The liquid metal makes two passes through the vane. For the first pass,
liquid metal enters the leading-edge coolant passages at the vane tip
plenum and travels spanwise to the butt plenum. For the second or return
pass, liquid metal enters the mid-chord and trailing-edge coolant passages
at the butt plenum and travels spanwise to the tip plenum.

The heat exchanger incorporates thin-wall finned tubes formed in a two-pass
serpentine configuration to provide cross-~counterflow conditions. The
finned tubes are attached to inlet and outlet headers which are connected
by piping to the vane assembly and pump, respectively. The finned tube
rows are positioned on a triangular pitch. This design offers a compact,
high-effectiveness and low-pressure-drop exchanger and is based on ad-
vanced liquid metal regenerator development .described in Reference 13.

The liquid metal system characteristics include the high coolant operating
temperature, and the small difference between the airfoil and the coolant
temperatures. This combination will produce a uniform thermal distribution
in the vane. In addition, the required coolant pressure is low. This
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Figure 8. Liquid-Metal-Cooled Stator Vane and Rotor Blade Concepts.
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allows flexibility in the passage sizing to provide favorable heat trans-
fer characteristics. The system is designed for installation or removal as
a completely integral and hermetically sealed unit (including stator assem-
bly, heat exchanger, pump, expansion system and piping) to avoid handling
the liquid metal or exposing it to the atmosphere.

Joining of the details and subassemblies to form the integral assembly is
accomplished by welding. Selection of materials that are compatible with
liquid metals is necessary, but a large group of candidate alloys is ap-
plicable.

High-Pressure Air Cooling Concept

The general arrangement of the high-pressure air-cooled vane concept is
presented in Figure 9. The geometric design of this concept is similar to
the liquid metal. However, more stringent design requirements are placed
on the overall system. To obtain the necessary heat transfer coefficients
and coolant mass flow rates, the closed system is highly pressurized.

The pressure requirement must be balanced with stress analysis to obtain
an acceptable vane life.

The coolant makes two passes in the vane as described for the liquid.metal
concept. Circulation of the coolant i{s accomplished by a boost pump, lo-
cated in the coolant piping between the nozzle and heat exchanger. The
pump is only required to overcome the system pressure loss.

The heat exchanger is a plate and fin brazed unit located in the compressor
discharge flow path.

This nozzle and exchanger component is also designed as an integral unit,
and the use of furnace brazing or welding techniques could be applied for
the assembly of the component.

Two-Phase Water/Steam Cooling Concept

A cooling concept using a two-phase fluid to cool the vanes consists of
introducing water, under high pressure, into the vane passages. The water
is vaporized by the heat load of the vanes. The steam is pumped to a
finned-tube exchanger in the fuel system, where the latent heat of
vaporization is removed and the water is recirculated to the vanes by a

pump.

The coolant makes two passes through the vanes as described for the liquid
metal concept.

Use of the engine fuel to cool the steam will at design point fuel flow
increase the bulk temperature of the fuel to 3C4°F. Locally, on the ex-
changer heat transfer surface the fuel temperature may reach 500°F, which
is above the coking temperatures of current jet engine fuels,
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Heat Pipe Cooling Concept

The heat pipe concept, shown schematically in Figure 10, consists of a hol-
low closed tube. The inner surface of the tube is lined with a porous mesh
tube used as a capillary wick. The mesh is saturated with an appropriate
liquid, whose vapor occupies the remaining internal volume. The addition
of heat over the evaporator section of the heat pipe causes the evapora-
tion of liquid from the mesh. This vapor travels along the inner diameter
of the heat pipe and condenses at the region where heat is being removed.
The condensate then returns to the evaporation region via the capillary
mesh to complete the cycle.

The internal flow of liquid and vapor and hence the continuous transport

of heat from the evaporator to the condenser section is maintained by
pressure differentials across the liquid-vapor interface. These differen-
tials result from the finite curvature which develops in the liquid=-vapor
interface as liquid withdraws into the pores of the capillary mesh in the
evapurator and accumulates in the pores of the condenser section. When
operating within design restrictions, the transfer of heat along a heat pipe
is accomplished almost isothermally.

A preliminary design arrangement utilizing the heat pipe concept for cool-
ing the turbine stator vanes is presented in Figure 11. The heat

pipe design of the vane (or evaporator) section and the heat exchanger

(or condenser) section is shown in Figure 12. Each vane incorporates an
internal airfoil-shaped capillary mesh liner which is connected through a
mesh transition section to a 10-inch-long capillary mesh tube in the con-
denser section. Each condenser tube is encased in a finned tube and com-
pressor discharge air flows over the finned tube prior to entering the
ccmbustor. This tube makes an angle of 8 degrees with the engine axis.
This angle i: selected to minimize the effective height of the heat pipe in
order to maintain a low head which must be overcome by capillary forces.

The wick inside the finned tube is 0.003 inch thick and has a maximum ef-
fective pore diameter of 20 microns and a porosity of 30%. The wick is
made of a 300 series stainless steel.

A 0.009-inch-thick liquid metal flow annulus between the wick and the
finned tube extending the lengtl. of the condenser section is provided as
an additional coolant flow return path to minimize coolant pressure loss.
This annulus height is maintained by locally dimpling the wick.

The wick inside the hollow stator vane is identical in material thickness,
pore size and porosity to the wick in the condenser section. However, the
liquid metal flow annulus provided between the wick and the vane wall is
reduced to 0.004 inch thick as a result of the reduced wick length in the
evaporator section,

Since the wick cannot physically fit sufficiently into the trailing edge
region (extending about 3/16 inch), it is necessary to ir-rease the vane's
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effective thermal conductivity in order to meet metal temperature limits

of the trailing edge. This may be done by using an insert of material with
a higher thermal conductivity than that of the vane material. If an insert
with the conductivity of copper (200 Btu/hr ft2 °F) can be installed in

the trailing edge, enveloped by a 0.020-inch vane wall thickness, the sur-
face temperature may be reduced from 2180°F to about 1800°F.

As an alternate approach, the internal volume of the section of the trail-
ing edge which cannot accommodate a wick may form an extension of the
liquid metal flow annulus or a separate artery. Both approaches require
detail design stuiy to establish feasibility.

Servicing of the turbine using the heat pipe concept is simple since each
heat pipe, consisting of an integral vane and heat exchanger tube, is a
separate and discrete component. Also, circulation of the coolant is ac-
complished without external piping or pumps.

2.2.4 Selection of Five Rotor Cooling Concepts

The thermal design requirements for cooling the turbine rotor are less
severe than those for the stator. The rotor is exposed to lower gas
temperatures as a result of its rotation. The local hot spots in the com-
bustor are averaged by the rotating blades, resulting in the lower peak
temperature profile shown in Figure 5. During exposure to a relative gas
temperature of 2185°F, cooling of the turbine rotor is required to maintain
an average blade metal temperature of 1500°F. However, performance pen-
alties are associated with direct air cooling of the rotor and are more
detrimental to the cycle than the stator, since the rotor cooling airflow
is unable to produce useful turbine work. Therefore, internal cooling
concepts using a contained coolant system for the rotor offer an engine
performance improvement.

The design of a contained coolant system with the coolant circulating force
provided by the difference in densities of hot and cold fluids in a cen-
trifugal field offers an additional performance advantage since a coolant
pump is not required. Thus, the following natural convection cooling sys-
tem concepts were initially selected for the rotor investigation:

1. Liquid Metal System
2. High-Pressure Gas System
3. High-Pressure Superheated Stem

In addition, the heat pipe concept was alezo to be investigated. Finally,
the fifth selection was an external cooling concept utilizing modulated
transpiration air cooling.

A review of the natural convection criteria for gases in Table V shows

that hydrogen and helium would be desirable coolants. However, both of
these gases present sealing problems and, in the case of hydrogen, safety
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is also to be considered. Of the remaining gases, air and steam have good
heat transfer characteristics and their properties are well defined.
Therefore, air and steam were selected as blade coolants for conceptual

analyses.

Sodium and lithium also have excellent heat transfer characteristics; how-
ever, since their melting points are above ambient, some problems with
regard to engine starting could be anticipated. Therefore, the sodium/
potassium eutectic with a lower melting point was selected.

It was recognized that the use of a high-density liquid metal to cool the
rotor blades would present structural problems due to the centrifugal
forces imposed by the high rotational speeds. However, the use of a

liquid metal coolant reduces the volume and weight of the rotating heat
exchanger as compared with gas and steam systems. It was anticipated that
the turbine rotor and heat exchanger would be an integral unit, with the
heat exchanger supported by the turbine disk. Therefore, the corresponding
disk-to-exchanger attachment stresses would be reduced.

The use of compressor discharge air was selected for the heat sink in each
of the above systems. To add completeness to the study, methane, a cryo-
genic fuel, was also specified as an alternate heat sink for the high-
pressure air-cooled blade concept.

The selection of the rotor cooling concepts is summarized in Table VII.

TABLE VII. ROTOR BLADE COOLING CONCEPTS

_ — = — |

Concept Coolant Heat Sink
Gas Air Compressor Discharge Air
Gas Air Cryogenic Fuel
Gas Steam Compressor Discharge Air
Liquid Metal Sodium-Potassium Alloy Compressor Discharge Air
Heat Pipe Potassium Compressor Discharge Air
Modulated
Transpiration Compressor Discharge Air ot Required

The following paragraphs describe preliminary design arrangements for each
concept.
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Modulated Transpiration Cooling Concept

The transpiration-cooled design for the rotor blade is similar to the
stator vane design described in the previous section.

Liquid Metal Cooling Concept

A preliminary arrangement of the liquid metal cooling concept for the rotor
is shown in Figure 8. Cooling of the blades is accomplished by natural
convective circulation of the liquid metal through a thin-wall blade with
mutliple coclant passages. Circulation of the coolant is provided by the
difference in densities between the hot and cold fluids in the centrifugal
field. The liquid metal makes two passes through the blace. For the first
pass, liquid metal enters the leading-edge coolant passages at the blade
butt and flows radially outward to the tip plenum. For the second or re-
turn pass, liquid metal enters the mid-chord and trailing-edge coolant
passages at the tip plenum and flows radially inward to the butt plenum.

The rotating heat e . anger is an annular unit which incorporates thin-
wall finned tubes s. 'lar to the tubes described for the liquid-metal-
cooled vane concept. The tubes form a two-pass serpentine configuration

to provide cross-counterflow conditions for the liquid metal and compressor
discharge air. The finned tubes are positioned on a triangular pitch and
attached to the inlet and outlet headers. The headers are incorporated
into the front face of the turbine rotor disk, and the blade butt plenum
and headers are connected through radial flow passages within the disk.

The system is designed for installation and removal as a completely in-
tegral and hermetically welded unit.

High-Pressure Air Cooling Concepts

A preliminary arrangement of the high-pressure air cooling concept using
compressor discharge air as the heat sink is shown in Figure 1l1. The
high-pressure air coolant makes two passes in the blade as described for
the liquid metal concept. Circulation of the coolant is similarly accom-
plished by natural convection. To obtain the necessary heat transfer co-
efficients and coolant flow rates, the closed system is pressurized to
1200 psi. This thermal design requirement to operate at high pressure
must be balanced with the blade stress requirement in the detail design.

The rotating heat exchanger is an annular unit which incorporates a com-
pact plate and fin brazed unit. A percentage of compressor discharge air
is routed along the shaft, enters at the exchanger 1.D., and exits at the
exchanger 0.D. after flowing circumferentially through the unit. The com-
pressor discharge air returns to the mainstream by entering the combustor
inner liner diluent and film cooling holes. The high-pressure air coolant
flows from the blade butt plenum radially through passages in the disk to
pipes which supply the coolant manifold on the heat exchanger. The cool-
ant makes two axial flow passes through the exchanger before returning to
the blades.
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A preliminary arrangement of the second high-pressure air cooling concept
is shown in Figure 9, utilizing cryogenic fuel as the heat sink. The
high-pressure air coolant makes two passes in the blade as described for
the other concepts. The coolant flows radially to the blade butt plenum,
which is connected to three finned U-tubes. The tubes are radially incor-
porated in the disk.

Cryogenic methane, which is assumed as the engine fuel for this design, is
diverted to enter the disk rear face, and flows through the disk to pro-
vide the necessary heat sink for this compact exchanger. The fuel exits
the disk to enter the combustor fuel distributors. This concept requires
complex sealing arrangements to route the fuel into and out of the rotat-
ing shaft. Use of jets and slinger vanes is necessary for transmission of
the fuel into and out of the shaft. Use of contact seals or pressure-
balanced labyrinth seals is necessary to preclude fuel leakage into oil or
air cavities. Detail design studies for fuel transmission are required
but were outside the scope of the conceptual analysis.

Superheated Steam Cooling Concept

The preliminary arrangement of a rotor cooling concept using superheated
steam as the coolant is shown in Figure 13. The coolant makes two passes
in the blade as described for the liquid metal concept. Circulation of

the coolant is similarly accomplished by natural convection. To obtain

the necessary heat transfer coefficients and coolant flow rates, the closed
system 1s pressurized to 1200 psi. This thermal design requirement to op-
erate at high coolant pressures must be balanced with the stress/life
requirement of the blade.

The rotating heat exchanger is an annular unit which incorporates a com-
pact plate and fin brazed unit. A percentage of the compressor discharge
air is routed along the shaft, enters the exchunger at the exchanger I.D.,
and exits at the exchanger 0.D. after flowing circumferentially through
the unit. The air returns to :he mainstream by entering the combustor
inner liner diluent and film cooling holes.

The coolant flows from the blade butt plenum radially through passages in
the disk to pipes which supply the coolant manifold on the exchanger. The
coolant makes two axial flow passes through the exchanger before returning
to the blades.

Heat Pipe Cooling Concept

The single most important consideration in the design of a heat-pipe-cooled
rotor blade is the centrifugal force on the liquid in the heat pipe wick.

A linear pressure gradient will be set up in the liquid, the pressure
varying from zero at the center of the rotating shaft to a maximum at the
blade tip. The pressure difference between the liquid and vapor at the
liquid-vapor interface must be balanced by surface tension forces. The
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maximum pressure difference that can be sustained across the liquid-vapor
interface which was calculated during the stator analysis presented in
section 2.3 is 2.3 psi using a pore size as small as 20 microns. The max-
imum coolant pressure in the static liquid is a function of the liquid's
specific weight, the height of the liquid column, and the amount of accel-
eration to which the liquid column is subjected. For this rotating system
with 2.44 x 105 g's, the maximum liquid pressure is about 20,900 psi,
assuming potassium as the coolant. Since the potassium vapor pressure at
the operating temperature is 1.5 psia, the maximum pressure difference ;
between the liquid and vapor is far greater than the maximum value of pres-
sure differential at the liquid-vapor interface which can be sustained by
surface tension. Therefore, the liquid cannot be confined in the wick
adjacent to the heat pipe wall, but will accumulate in the vapor space at

the rotor blade tip. Thus, the heat pipe concept for rotor blade cooling
is not feasible. .
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2.3 PRELIMINARY ANALYSES

2.3.1 Method of Analysis

The general methods for calculating the heat transfer rates jin the vanes,
blades and heat exchangers are described in Section 3.1 and primarily
used for the thermal analysis of the selected vane and blade cooling
system in the second phase of the program. A simplified approach for
the thermal analysis’ of five stator vane and five rotor blade cooling
concepts was utilized in order to perform a comparative and screening
evaluation during the conceptual study phase of the program.

As an example of the simplified analysis, the two-phase water-steam cool-
ing concept using fuel as the heat sink is discussed below.

An estimate of the airfoil heat load to maintain a bulk airfoil metal
‘temperature of 1500°F was mndezusing an assumed average gas-side heat
transfer rate of 230 Btu/hr ft° °F." The heat transfer rate was obtained
from a small turbine design (Reference 3). The bulk metal temperature
of 1500°F was selected based on the foLlowing- (a) at least a 300°F '
gradient can be expected in the trailing-edge section of some of the
cooling concepts, (b) the trailing edge may be susceptible to low cycle
fatigue at the high metal temperatures, and (c) the highly stressed rotor
blade may be stress-rupture-life limited at temperatures above 1500°F.

The two-phase fluid temperature is found from the vapor-liquid equilib-
+ rium conditions. The maximvm steam pressure (1200 psi) and the portion
(50%) of the mixture that is vaporized were assumed. The fuel tempera-
tures are found from the heat load fuel flow and fuel properties.

The exchanger configuration and size were approximated by assuming the
overall heat tranafer rate and fluid velocities. With this exchanger
size, the heat transfer and pressure losses are determined. If these
are not satisfactory the exchanger dimensions are modified and the heat
trensfer and pressure losses are reevaluated until suitdble values are
obtained.

For the high-pressure air and the liquid-metal coolant systems, the
coolant temperatures are determined from the heat load, the required
vane temperature,and the estimated vane-to-coolant heat transfer rate.
The compressor air heat exchanger size and heat sink temperatures are
calculated in the same manner as described for the two-phase exchanger

2.3.2 Results of Preliminary Analysis

Stator

A summary of the thermal and mechanical design characteristics for each
of the five stator vane cooling concepts investigated s presented in
Table VIII. The table presents the vane coolant conditions, the exchauger
heat sink conditions, and the exchanger geometry including coolant side
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TABLE VIII, STATOR VANE COOLING CONCEPT PARAMETERS

High
Liquid press. Two  Heat Modulated
Metal Air Phase Pipe Transpiration
Vane (Inco 713)
Heat Load/Vane Btu/hr 1644 1644 1644 1644 1644
Coolant Fluid - NaK Air  Water/ K Compressor
Steam Air
Temperature Out °F 1400 1240 567 1040 1500
Temperature In °F 1322 1215 567 1040 871
Pressure psi 50 1200 1200 1.5 230
Specific Heat Btu/lb °F 0.21 0.26 649 .2 .24
Flow/Vane 1b/hr 100 253 5.07 - 12
Internal Area/Vane sq in, 1,108 1,108 1,108 0.92 -
h Vane to Fluid  Btu/hr ft2 °F 15,350 1232 235 - o
AT Vane to Fluid °F 14 173 933 230 629
Heat Sink
Fluid Compr. Compr. Fuel Compr. None
Disch. Disch. JP Disch.
Temperature Out °F 1033 936 384 936 -
Temperature In °F 871 871 80 871 -
Pressure psi 230 230 Engine 230 -
Pressure Drop psi 0.5 0.5 1.0 0.5 -
Mass Flow 1b/sec 0.4 1.0 .11 1.0 -
Exchanger Geometry (Total per Stator Row)
Heat Transfer Area sq ft 2.7 3.17 10,6 17.0 -
Volume cu in, 8.2 15.4 24,0 86,0 -
Fluid Side
No. of Tubes - 16 - 4 37 =
Face Area sq in. 1.5 10.44 2,98 3.0 -
Length in, 3.5 1.526 8.0 10 -
Pressure Drop psi 1.7 0.10 0,50 © -
Heat Sink Side
Face Area sq in, 5.45 5,24 6,90 138,0 -
Length in, 3.5 2.94 4,00 4,00 -
Fins per Inch - 40 Plate 40 40 -
Fin O0.D, in, 0.375 and 0.861 .6 -
‘ube 0.D. in, 0.188 Fin* 0,420 0.32 -
Pump Horsepower hp 0.1 6.2 7.0 0.0 0.0
Reference Figure No. 8 9 - 12 7

*Reference 15, Figure 10-36
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and heat sink side configurations. The table shows that for each cooling
concept, a thermal design for cooling the vanes to 1500°F average metal
temperature at the given heat load is feasible. The coolant flow rates,
pressures and temperatures were acceptable, and pumping power is not
excessive.

The thermal design of the heat exchanger to accommodate the vane heat load
using compressor discharge air as the heat sink is also feasible for each
cooling concept. The heat sink airflow rate, pressure loss, and tempera-
ture rise for each cooling concept is acceptable, so the air could be
returned to the cycle via the combustor outer liner. The exchanger size
for each concept can be accommodated within the available volume in the
combustor housing aft of the centr: fugal compressor.

In the two-phase cooling concept where engine fuel is the heat sink, the
flow rate is close to the engine design point fuel requirement. This
indicates that a fuel bypass system and pumping heat storage in the fuel
tanks may be avoided. However, the bulk fuel temperature at the exchanger
outlet is 384°F. This value may present a coking problem since the fuel
temperature at the exchanger tube wall will be higher.

The internal operating conditions of the heat pipe vane and heat exchanger
section are presented in Table IX.

TABLE IX. HEAT PIPE OPERATING CONDITIONS

Evaporator (Vane)

L.E. Surface Temperature 1300°F
Vapor Temperature 1050°F
Inner Wall Temperature 1070°F
Vapor Pressure 1.5 psia
AP Vapor to Liquid 1.3 psia

Condenser (Heat Exchanger)

Vapor Temperature 1020°F
AT Wick and Liquid Annulus 2°F
Outer Wall Temperature 1013°F

Since the application of the heat pipe, as an advanced cooling concept, to
aircraft propulsion systems has been limited and since published litera-
ture on this concept has not had the depth of coverage as the other con-
cepts investigated, a detailed discussion of some of the design aspects of
the heat pipe is presented below.
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Selection of Heat Pipe Fluid

Candidate heat pipe fluids at the 1070°F inner surface temperature are
sodium, potassium, and cesium. There are two limits on the maximum axial
heat flux (heat transport rate per unit vapor space cross-sectional area).
The first limit, called the entrainment limit, occurs when the drag force
exerted by the heat pipe vapor on the liquid in the wick is sufficient to
entrain liquid and disrupt the liquid-vapor interface.

The second limit, called the isothermal limit, occurs when the tempera-
ture drop in the heat pipe vapor along the heat pipe length exceeds some
prescribed value. The axial heat flux must not exceed the entiainment
limit or the isothermal limit if the heat pipe is to function properly
and without excessive temperature drop. The axial heat flux is defined
as the heat transport rate per vane divided by the minimum cross-
sectional area of the vapor space.

Figure 14 (Reference l4) data extrapolated in the 1000° - 1300°F range
shows the isothermal and entrainment axial heat flux limits for sodium
(Na), potassium (K), and cesium (Cs) as a function of temperature. The
isothermal limit is for a maximum AT of 20°F. The entraimment limit is
for a wick pore diameter of 20 microns, which represents the minimum size
wicks which have been fabricated, although smaller pore sizes may be
obtained with special fine-mesh screen and sheets of porous metal.

Using the date of Figure 14, the isothermal and entraimment limits of the
candidate heat pipe fluids can be evaluated. Figure 14 shows that the
maximum isothermal heat flux for sodium at the 1050°F vapor temperature is
below the vane design requirement of 8.9 kw/in.2. Thus, sodium is elimi-
nated from further consideration. Similarly, cesium is eliminated since
its entrainment limit is below the design requirement. Cesium's entrain-
ment limit may be increased 15-207 to meet the requirement by reducing
the wick pore diameter 25-30%.

Potassium was selected as the most suitabla coolant since its entrainment
and isothermal limits satisfy the design requirement,

Pressure Drop in Heat Pipe Fluid

The sum of the vapor and liquid pressure drops through a heat pipe cannot
exceed the maximum pressure differential across the liquid-vapor inter-
face without disruption of the liquid-vapor interface and subsequent
drying out or "burnout" of the wick at the evaporator section. Conse-
quently, the fluid pressure drops are calculated and compared with this
AP.
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The following pressure drops are considered:
1. Vapor momentum pressure drop
2. Vapor friction pressure drop
3. Liquid friction pressure drop
4. Liquid pressure drop due to static head

The first three pressure drops are functions of the maximum fluid veloc-
ity, which is related to the heat transport rate.

The fourth pressure drop is a function of the number of g's of accelera-
tion acting on the liquid and tending to keep the liquid in the heat ex-
changer section and is presented in Figure 15.

Since the vapor pressure of potassium at 1050°F is 1.5 psi, the maximum
pressure differential which can be sustained across the liquid-vapor
interface if the liquid pressure is not to be negative (i.e., the liquid
is not to be in tension) is 1.5 psi. Figure 15 then indicates that for
a maximum acceleration of 4 g's, the maximum difference in elevation of
14.5 in. could be sustained between the top and bottom of the potassium
heat pipe. The actual permissible elevation difference is smaller, since
it is the sum of all the pressure drops which should not exceed 1.5 psi.

Proper selection of the frictional pressure drop terms requires that the
laminar or turbulent nature of the flow be known. From Reference 14, it
was determined that flow will be laminar in the potassium vapor for a heat
transport rate of .47 kw. The total vapor and liquid pressure drop was
calculated to be 1.3 psi. Since this figure is equal to the difference
between the maximum vapor and minimum liquid pressures, the minimum liquid
pressure is 0.2 psi.

Since the liquid pressure at a given point along the heat pipe is not
equal to the vapor pressure, the pressure differential at the liquid-vapor

interface must be balanced by surface tension forces. The maximum pres-
sure difference that can be sustained across this interface is

AP=8480¢/D

where
o = surface tension, lb/ft

D = maximum effective wick pore diameter that will sustain a given
pressure difference, microns
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n = External Acceleration Opposite to Gravity
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From this equation, the pore diameter required to sustain the pressure
difference is calculated to be 35.2 microns. Since a pore diameter of
20 microns or less has been specified from entrainment limit considera-
tions, the heat pipe design is adequate to handle the specified vane
cooling requirement.

Boiling Limit

The heat pipe liquid is superheated in the stator vane. That is, the
vapor pressure is greater than the liquid pressure. The superheat is
greatest at the heat pipe wall, since the liquid temperature and hence the
vapor pressure are highest there. Boiling could disrupt the heat pipe
liquid, and should be avoided. Boiling will not occur, despite the fact
that the heat pipe liquid 1is superheated, if the nucleation site diameter
does not exceed 23.5 microns based on vapor temperature of 1070°F at the
wall and conservatively assuming the liquid pressure equal to zero. Since
liquid metal has an excellent wetting property, nucleation site diameters
should be smaller than 23.5 microns. Hence, heat pipe opcration should
proceed without boiling in the wick.

Heat Pipe Start-Up

It is possible that prior to start-up, the heat pipe liquid may have be=-
come dislodged from the wick. 1In this case the capillary force which is
developed in the liquid flow space rather than in the pores of the inner
wick layer will determine the height of liquid which can be supported.

In an annulus, one of the two principal radii of curvature (in the cir-
cumferential direction) is essentially infinite, and the capillary force
is only one-half that available in a circular pore whose diameter is equal
to the thickness of the annulus.

The liquid height which can be supported is presented in Figure 16 as

a function of wick annulus thickness. The temperature at which the
potassium vapor pressure is equal to the static liquid pressure is also
shown in Figure 16. At this temperature the minimum pressure in the
liquid cannot be negative, thus insuring that the column will be stable
and not in a state of tension.

A thickness of 9 mils for the liquid annulus was selected, resulting in a
column height of 4.4 in. that can be supported by the liquid annulus.
Since the height of the inclined heat pipe shown in Figure 11 is about

2 in., rewicking capability is assured in the event that liquid is dis-
lodged from the wick. For this geometry the column will be stable when
the heat pipe temperature reaches 772°F,

During an engine cold start-up, the potassium heat pipe liquid is frozen.
The temperature of the heated (vane) section increases rapidly, approach-
ing steady state within a short time. A portion of the heat which

would be rejected to the heat sink during normal operation is then used
to raise the temperature of the unheated portion of the heat pipe at a
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relatively slow rate. The primary concern is to insure that the vane
section of the heat pipe does not exceed the prescribed 1500°F average
metal temperature limit during the engine start-up period.

It is important that liquid condensate will always be available at the
vane section to replenish the liquid which is lost by evaporation.

During start-up of a heat pipe, this may not always be the case. An in-
adequate supply of liquid to the evaporator section would result in drying
out of the wick and '"burnout", or overheating, of the vane.

Two factors which can inhibit the return flow of condensate are entrain-
ment of the liquid by the vapor and condensation in the vapor instead of
at the liquid-vapor interface. During start-up, the vapor produced in the
heated evaporator section expands into the cold condenser section, where
the vapor pressure is negligible. The vapor velocity will reach the

sonic value at the evaporator exit and will become supersonic in the con-
denser section before being decelerated by a shockwave-like process. In
some instances, the drag of the high-velocity vapor on the adjacent liquid
may retard the liquid flow or cause entraimment of the liquid in the
vapor.

Also, the expansion process which results in supersonic vapor velocities
will subcool the vapor below its saturation temperature. Condensation
may then occur spontaneously in the vapor stream. The entrained vapor

may then not be able to join the liquid condensate stream at a suffi-
ciently high rate. Also, the heat of condensation will have been released
in the vapor stream rather than at the wick surface, thus retarding the
rate at which the solidified heat pipe liquid in the cold condenser sec-
tion can be heated and melted.

The significance of the above factors on start-up capability must be evalu-
ated analytically and experimentally for a particular heat pipe. An esti-
mate of the time required to heat the vanes to operating temperature is
approximately 5.4 seconds.

Heat is removed from the condenser section by the flow of compressor dis-
charge air over the heat pipes. Preliminary calculations indicated that
each heat pipe would have to be finned in order to provide sufficient
heat transfer surface. The heat exchanger design was evaluated on the
basis of the methods and data presented in Reference 13 and 15. The heat
exchanger used high-density finned (36 per inch) tubes made with continu-
ous fins of copper clad with stainless steel. Initial heat exchanger
sizing was established with low-density finned tubes which yielded an ex-
changer length of about 14 inches and required full compressor discharge
flow. This exchanger would have required 2.5 times the heat transfer
area, if only about 307 of compressor discharge airflow was used for heat
rejection. However, based on simplifying the main airflow path design
arrangement and minimizing mainstream air pressure drop, it was desirable
to reduce the heat exchanger airflow requirements. This was accomplished
with an attendant decrease in heat exchanger length by selecting the high-
density copper fin tube.
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Rotor

A summary of the thermal and mechanical design characteristics for each
of the five rotor blade cooling concepts investigated is presented in
Table X. The table presents the rotor coolant conditions, the ex-
changer heat sink conditions, and the exchanger geometry including coolant
side and heat sink side configurations.

The table shows that for each cooling concept, a thermal design for cool-
ing the blades to 1500°F average metal temperature at the given heat load
pressure and temperatures is acceptable, although the liquid metal pres-
sure of 8600 psi due to the centrifugal field does introduce a special
structural consideration. Coolant pumping for the internally cooled
systems is accomplished by the centrifugal field acting on the difference
in densities of the hot and cold coolant legs.

The thermal design of the heat exchanger to accommodate the blade heat
load using compressor discharge air as the heat sink is also feasible for
each cooling concept. The heat sink airflow rate, pressure loss, and
temperature rise for each cooling concept is acceptable, so the air
could be returned to the cycle via the combustor inner liner. The ex=-
changer size, for each concept using air as the heat sink, can be accommo-
dated within the volume between the combustor inner liner and the turbine
shaft, although the high pressure air cooling concept requires a heat
exchanger length that precludes a turbine bearing support at the front of
the rotor (see Section 4.0).

In the high-pressure air cooling concept using cryogenic fuel as the heat
sink, the flow rate is close to the engine design point fuel requirement.
This indicates that a fuel bypass system is not required.

2.4 ENGINE PERFORMANCE EFFECTS

To estimate the effects of the cooling concepts on engine performance, the
specific fuel consumptions for the combined concepts were calculated and
are presented in Table XI. The method of analysis is discussed in
Section 4.4, From this data it is apparent that the advanced cooling
concepts offer an improvement in engine fuel consumption of at most 5%
over a baseline unmodulated transpirational-cooled turbine. The perfor-
mance decrements associated with each rotor and stator cooling concept are
a result of the horsepower of the pump required to circulate the coolant,
and the pressure drop the compressor discharge air experiences as a
result of passing through the coolant heat exchangers. This data for the
various systems is presented in Table XXIV of Section 4.4 and was used for

this analysis.
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TABLE X. ROTOR BLADE COOLING CONCEPT PARAMETERS

Modulated
Liquid Transpiration
Metal Gas Gas Gas Cooled
Blade (Inco 713)

Heat Load/Vane Btu/hr 1644 1644 1644 1644 1644

Coolant Fluid - NaK Air Steam Air Air

Temperature Out °F 1400 1021 1275 1021 1500

Temperature In °F 1322 971 1225 971 871

Pressure psi 8600 1200 1200 1200 230

Specific Heat Btu/1b=°F 0.21 0.26 0.578 0.26 .24

Flow/Vane 1b/hr 100 126,5 56.9 126,5 112

Internal Area/Vane sq in. 1.108 1,108 1.108 1.108 -

h Blade to Fluid Btu/hr ftZ °F 15,350 530 1418 530 -
AT Blade to Fluid °F 14 404 151 404 629
Heat Sink

Fluid Compr. Compr. Compr, Methane None

Disch. Disch. Disch,

Temperature Out °F 1033 936 936 -240.6 -

Temperature In °F 871 871 871 -240,6 -

Pressure psi 230 230 230 32,2 -

Pressure Drop psi 0.5 0.5 0.5 1.0 -

Mass Flow 1b/sec 0.4 1.0 1.0 .093 -
Exchanger Geometry (Total per Rotor Row)

Heat Transfer Area sq ft 2.7 16.9 2.83 0.5 -

Volume cu in, 8.2 82,1 13.8 24 -
Fluid Side

No. of Tubes = 16 - - 3 -

Face Area sq in, 2,08 11,2 4,24 0,60 -

Length in, 3,'5 7.3 3.26 3.61 -

Pressure Drop psi 0.1 0.1 0.1 0.1 -
Heat Sink Side

Face Area sq in. 36.2 8.65 5.06 4.95 -

Length in, 3.5 9.51 2,72 3.6 -

Fins per Inch - 40 Plate Plate 8,7 -

Fin 0.D, in, .375 and and 1.5 -

Tube 0,D. in, .188 Fin* Fin* 1,0 -
Reference Figure No. 8 11 13 9 7

*Reference 15, Figure 10-36

55



LT8S’ L08s”® 968S° 68S° %68¢° 658S° L08S” (duyiaseq)

uotrjeardsuea]

gg9c’ ¢19¢° 20LS° 00Ls° 299¢° £99¢° 619¢6° uotjexrdsueay

p33eInNpoR

9¢¢* (4259 0€9¢s°* L29S° 6856° %65S° ehse’ ‘yosta

*adwo) o3 wealg

6666G° 6£5S” L29§6° €29¢° 15:13 % 066S° 6€6S° aueyisy

o3 atv Hmm 00¢1

7966° TYyes” 0€9¢s° L29S° 686G ° %65S° Thss’ *Yosyq ‘aduop

03 ITV 1sd 00¢1

096¢° ovss’ 879¢° G29¢° L8S¢° ¢6SS° 1) o ‘Yyoasyq

0 *adwoy 03 BN

02¢s’ %066 " 686S° $8cs”’ A1 cess’ 00sS” upatoodun,,
(3ur1aseyq) uor3jeardsueay 12n3 o3 *yss1q ‘adwo) °yYoasiq ‘yss1q ,paroodun,, ma384sg

uoljeardsueagy pajeInpon weajzsg/aazeM ATy Isd 00zl ‘admo)y cadwojy o3 guyi00) 10304

o3 yey 2did 3Ieay

mwa3sdg Buyjoo)y 103BIS

YIMOd dILVY AYVIITIKH %SE€ IV NOILJWASNOD
T1dnd 214103dS NO ODNITO0D 40 103343

‘IX I19VL

56



2.5 SELECTION OF TWO VANE AND TWO BLADE COOLING CONCEPTS

At the conclusion of this phase of the program,two stator and two rotor
cooling concepts were selected as the most feasible for continued heat
transfer analysis and incorporation into the engine design. Since the
potential performance benefits to be obtained by any one concept were not
decisive, a rating system was established to assess the overall value of
the concepts for continued analysis and evaluation. The intent of this
rating system was to evaluate one concept's overall characteristics with
the others. As shown in Tables XII and XIII, the rating system included
four equally weighted groups:

Nozzle or Rotor Assembly
Heat Exhanger Component
Overall System Design
Engine Performance Effects

BWN =

As shown in the tables, criteria were specified for each group and each
criterion was weighted according to its relative importance within the
group. The Engine Performance Effects category was given full weight,
since the primary objective of the study was to obtain a cooliny system
which produced a significant engine performance improvement over the cure
rent turbine cooling technique.

The point ratings for each of the five advanced cooling concepts shown in
Table XII and XIII are assigned by operating on the criterion weighting
factor with a multiplier, from 1 to 5, corresponding to its position
relative to other concepts. Increasing the multiplier reflects a more
favorable concept. Ratings for the baseline transpiration-cooled concept
are also shown as a reference to a current-technology concept.

Rating of Stator Concepts

In the Vane and Support group, the liquid-metal-cooled system has the
highest rating because its excellent heat transfer characteristics allow
a flexible mechanical design. This is evident from the low operating
coolant pressure and high coolant temperature and uniform metal tempera-
ture distribution. The heat pipe has the lowest rating in this group due
to the geometric controls on wick pore size, wick thickness, etc.,
necessary to assure successful operation. In addition, it is unable to
effectively cool the trailing edge by itself; supplementary cooling is
needed. The modulated transpirational=-cooled concept rated below the
liquid metal primarily because of the complexity of the airfoil fabrica-
tion. Finally, the high-pressure air and the two-phase water system were
rated below modulated transpiration cooling. The high pressure level of
these systems will increase the design and fabrication problems. Also,
the reduced coolant temperature level of these systems results in less
effective control on vane temperature distribution.
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In the rating of the Heat Exchanger group, the modulated transpiration--
cooling concept has the highest rating since an exchanger is not required.
The high-pressure air, the potassium heat pipe, and the liquid-metal con-
cepts were rated approximately equal in the heat exchanger group. The
two-phase water concept scored lowest, primarily because of the exchanger
size and the fuel's heat sink capacity.

In the Overall System group, the modulated transpiration-cooled concept
showed a slight advantage since coolant pumping power is not required.

In the Performance Effects group,all the concepts were rated equally
since the effect of only stator cooling on SFC, as shown in the first
line of Table XI, 18 less than 17 between the five advanced concepts
investigated.

Rating of Rotor Concepts

In the Blades and Disc group, the liquid-metal cooling concept has the
highest rating because its excellent heat transfer characteristics allow
more flexibility in passage location and size. However, this is mitigated
by structural problems associated with the high coolant pressure. The
high-pressure steam concept has the same point rating in this group as

the liquid-metal system. The high-pressure air concepts were rated below
the steam and liquid-metal concepts primarily because the lower heat
transfer rates complicate the coolant passage design. The modulated
transpiration-cooled concept has the lowest rating in this group due

to the complexity in fabricating the blades and cooling air seals.

In the Heat Exchanger group, the modulated transpiration-cooled concept
has the highest rating since an exchanger is not required. Of the remain-
ing concepts, the liquid-metal exchanger had the highest rating primarily
because its small size should reduce fabrication complexity and engine
space requirements. The cryogenic fuel exchanger, although smaller, will
present design problems associated with introduction of the fuel into the
rotating exchanger, sealing of the fuel, and supplying the fuel to the
combustor. .

In the Overall System group, all the systems rated approximately equal
with the exception of the system using cryogenic fuel as the heat sink,

The reliability of this system has a low rating because of the high thermal
gradients introduced by the very low temperature heat.sink and the fuel
transfer seals. Also, the fuel flow passages through the disc and shaft
will present structural design problems in this highly stressed component.

In the Performance Effects group, the modulated transpiration-cooled con=-
cept has the lowest rating because the blade cooling air is ineffective as
a turbine working fluid and the engine SFC is adversely affected as showm
in Table XI. The other systems were rated equally since the effect of
only rotor cooling on SFC is less than .6% among the advanced cooling con-
cepts investigated.
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TABLE XII. RATING OF STATOR COOLINC

Weight Maximum
Factor Score Heat Pipe

I, Vane and Support

A, Fabrication - Complexity 3 15 3
B. Performance
1. Coolant Temperature 2 10 4
2, Aerodynamic Compromise 1 5 2
C. Durability
1. Coolant Pressure 1 5 2
2, Thermal Gradient Control 2 _10 2
Total 45 13
II., Heat Exchanger
A, Fabrication - Complexity 3 15 9
B, Performance - Volume 2 10 4
Heat Sink Capacity 1 5 4
C. Durability 3 _15 _12
Total 45 29

III. Overall System Design
A, Fabrication - Simplicity, Cost 2 10 4
Developability 1 5 1
B. Performance - Power Requirements of Auxiliaries 3 15 15
C. Durability -

1. Metallurgical 1 5 2

2, Reliability 2 10 8

Total 45 30

IV, Performance Effects 9 45 45
Summary of Points

Group 1 45 13

Group 11 45 29

Group III 45 30

Group IV 45 45

Total 180 117
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&ATING OF STATOR COOLING CONCEPTS

High- Two=
Maximum Pressure Phase Modulated Baseline
Score Heat Pipe Liquid Metal Air Water Transpiration Transpiration
|

' 15 3 15 9 12 9 9

10 4 8 6 2 10 10

5 2 2 2 2 1 1

5 2 4 1 1 3 3

10 -2 -8 4 4 8 )

45 13 37 22 21 31 31

15 9 9 9 6 15 15

10 4 6 6 4 10 10

5 4 4 4 1 5 5

15 12 _6 _9 _6 15 15

45 29 25 28 17 45 45

10 4 6 6 6 4 10

5 1 3 3 3 2 5

15 15 12 9 9 15 15

5 2 2 6 6 6 6

10 8 -8 -6 5 ] 10

45 30 31 30 30 35 46

45 45 45 45 45 45 36

45 13 37 22 21 31 31

45 29 25 28 17 45 45

45 30 31 30 30 35 46

_45 _45_ _45 _45 _45 _45 _36

180 117 138 125 113 156 158




TABLE XIII. RATING OF ROTOR COOI

Weight Maximum Liquid

Factor Score Metal
I. Blades and Disc
A, Fabrication - Complexity 3 15 15
B. Performance -
1, Coolant Temperature 2 10 8
2, Aerodynamic Compromise 1 5 3
C. Durability
1. Stress, Thermal Gradient Control 3 5 )
Total 45 35
I1. Heat Exchanger
A, Fabrication - Complexity 3 15 6
B. Performance
1. Volume 2 10 6
2, Heat Sink Capacity 1 5 3
C. Durability - Stress 3 15 _6
Total 45 1
I11. Overall System Design
A. Fabrication - Simplicity, Cost 2 10 8
Developability 1 5 3
B. Performance - Power Requirements of Auxiliaries 3 15 15
C. Durability - Metallurgical 1 5 3
Reliability 2 _10 _8
Total 45 37
IV, Performance Effects 9 45 45
Summary of Points
Group I 45 35
Group 11 45 21
Group 111 45 37
Group 1V 4S5 45
Total 180 138
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RATING OF ROTOR COOLING CONCEPTS

High-
Pressure
High= Air High=-
Maximum Liquid Pressure (Cryogenic Pressure Modulated Baseline
Score Metal Air Fuel) Steam Transpiration Transpiration
15 15 9 9 12 3 3
10 8 6 8 10 10
5 3 3 3 3 3 3
15 ) _12 _12 _12 _$ _6
45 35 30 30 35 22 22
15 6 3 0 6 15 15
10 6 4 10 4 10 10
5 3 3 5 3 5 5
15 _6 _6 _3 _6 15 _15
45 21 16 18 19 45 45
10 8 6 4 6 4 10
5 3 3 3 3 2 5
15 15 15 15 15 15 15
5 3 5 5 3 3 5
10 8 ) 4 8 -] 10
45 37 35 31 35 32 45
45 45 45 45 45 9 0
45 35 30 30 35 22 22
45 21 16 18 19 45 45
45 37 35 31 35 32 45
45 _45 _45 _45 _45 9 _o
180 138 126 124 134 108 112
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Selection of Concepts

The summary of points in Table XII shows that the modulated transpira-
tion-cooled stator has the highest rating,with 156 out of a maximum
possible rating of 180, The feasibility of operating the stator with
modulated cooling airflow over a range of 1 to 117 of the compressor air-
flow was demonstrated during experimental rig engine tests (Reference 16).
Since these tests were conducted with nonflight-type valve and control
system components, modulated transpiration cooling was still considered as
an advanced concept. However, the cascade test of a selected stator
cooling concept required for the feasibility test phase of this program
would have been conducted on the design aspects which had already been
demonstrated earlier had the modulated transpiration cooling concept been
chosen. Therefore, this concept was not selected. Of the remaining con-
cepts, the liquid-metal cooling concept and the high-pressure air cooling
concept were rated highest and, therefore, were selected for the addi=
tional design and analysis efforts in the second phase of the program.

Of the rotor cooling concepts considered, the steam and liquid-metal

cooling concepts were rated highest and therefore were also selected for
additional design efforts.
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3.0 HEAT TRANSFER ANALYSIS OF TWO STATOR
AND TWO ROTOR COOLING CONCEPTS

During this phase of the program, the geometry of the airfoil coolant
passages and the airfoil metal temperature distribution were established.

3.1 METHOD OF ANALYSIS

To establish the thermal design characteristics of each of the selected
internally cooled systems, the following analytical considerations were
used:
1. Heat transfer required as determined by:
a. Hot gas pressure, temperature, and velocity
b. Allowable metal surface temperatures
2. Metal temperature as determined by:
a, Metal conduction rate
b. Hot gas convective rate
c. Coolant convective rate
d. Coolant channel configuracion
3. Heat exchanger airfoil coolant to heat sink as determined b

a. Coolant temperature, pressure, and allowable pressure JOp

b, Heat sink fluid temperature, pressure, and allowabl essure
drop

4, Materials consistent with operating temperature, pressure, and
acceleration forces and compatible with the coolant.

3.1.1 Heat Transfer From the Hot Gas to the Airfoil

The total heat transferred to the blade or to the vane of the cooled tur-
bine is determined by summing the incremental heat additions occurring
chordwise along the pressure and suction sides of the blade or vane. Each
of the incremental chordwise heat additions to the blade is found from the
continued product of the local heat transfer rate, the temperature differ-
ence between the local recovered gas and the blade wall, and the local
area involved. The local heat transfer rates are predicted by the use of
relations corresponding to local flow regimes. The local recovered gas
temperature, the temperature affecting the heat transfer, is evaluated
from the gas relative total temperature, the local velocity and the
recovery factor. The local area is the arbitrarily chosen increment
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corresponding to the chordwise distance assumed to be applicable to the
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